Abstract: Precipitation data are critical for developing a fundamental understanding of hydrologic processes and reducing flood losses, but the acquisition of reliable and representative precipitation data is extremely challenging in high mountain environments, such as the Himalayas. Remotely sensed and ground-based observations are the two primary sources of precipitation data, but can have important biases, particularly in areas of complex and steep topography. Remotely sensed [Tropical Rainfall Measuring Mission (TRMM)] and ground-based precipitation measurements in the Sutlej River basin, India, were compared to better understand the biases and uncertainties associated with variable storm processes and precipitation sampling programs in high mountain environments. Results highlight how extreme rainfall values were the highest across the Lower Himalayas where synoptic weather systems are more prevalent, whereas extreme convective intensities were the highest across the Inner Himalayas, where orography triggers convective precipitation events. In addition, deviations between extreme precipitation values measured by TRMM and ground-based observations reversed with increasing elevations, with TRMM measurements underestimating precipitation relative to ground-based observations for lower elevation sites and overestimating precipitation at the higher elevation sites. Finally, large subgrid differences in the variance of the extreme rainfall distributions were found within a single TRMM pixel, which appear to be driven in large part by local topographic relief, underscoring the complexities of bias correction of gridded rainfall measurements using ground-based stations. Recommendations are made for advancements needed to apply remotely sensed precipitation data for improving understanding of physical processes and forecasting of floods in mountain areas.
Introduction
Extreme precipitation events trigger major flooding disasters, particularly in high mountain areas such as the Indian Himalayas (Elalem and Pal 2014) . However, the measurement, understanding, and mitigation of the hydrologic processes driving extreme rainfall events in the Himalayas are limited by a number of factors. Hydrometeorological data in high mountain areas often have inadequate temporal and spatial extent, while access to and reliability of data collected are often limited (Anders et al. 2006; Vaux et al. 2012 ). In addition, Himalayan rainfall can change considerably within spatial scales of just a few kilometers, and relationships are not strictly dependent on elevation (Barros and Lang 2003) . Furthermore, ground data networks may fail during extreme events and often cannot represent the variability of precipitation over larger areas (Anders et al. 2006) . Furthermore, across the Himalayas, extreme flood-producing storm events often occur along ungauged mountain slopes (Lang and Barros 2002; Thayyen et al. 2013) . These challenges have resulted in a limited number of local hydrology studies that are primarily based on short-term analyses, applying reanalysis techniques in a small number of basins (e.g., Barros et al. 2000; Barros and Lang 2003; Bookhagen 2010; Das et al. 2006; Thayyen et al. 2013) .
As an alternative to ground-based observations (GBOs), global satellite-based precipitation data sets provide a potential data source for hydrologic modeling in such basins where the availability of gauged data is limited. However, limitations exist in the application of remotely sensed precipitation for a range of hydrologic investigations, particularly in high mountain environments. In any basin, the spatial and temporal resolution of satellite-based precipitation data can be too coarse to decipher the duration and intensity of storm events that cause subdaily floods. In addition, the incorporation of gridded remotely sensed precipitation inputs into real-time streamflow runoff models is not straightforward owing to extensive data processing. Resampled gridded products, which are widely used in hydrologic applications (e.g., Collischonn et al. 2008; Harris et al. 2007; Valeriano et al. 2010) , are influenced dissimilarly according to the areal coverage of storm events (Rasmussen et al. 2013) .
In order to better understand the biases in ground-based and remotely sensed precipitation data that vary with storm processes over time and space, the relationships between storm regime and extreme precipitation in the western Himalayas were investigated by comparing remotely sensed and ground-based observations. The primary objectives were to (1) analyze the spatial distribution of extreme rainfall and convection across the mountain systems of the western Himalayan region, (2) investigate the deviations between remotely sensed and ground-based precipitation observations across the orography, and (3) examine the subgrid heterogeneity of remotely sensed precipitation observations.
Data and Methodology

Study Region
Of the approximately 2,500-km length of the Himalayas, the study area encompasses a 3°ð∼330 kmÞ × 2°(∼220 km) rectangle representing the entire Indian portion of the Upper Sutlej and Beas Rivers (Fig. 1) . The Sutlej and Beas rivers drain approximately 70,000 km 2 from the Tibetan Plateau into India. The basin encompasses the three main mountain systems that occur in the Himalayas, the Greater Himalayas (elevations > 3,500 m), Inner Himalayas (1,500-3,500 m), and Lower Himalayas (350-1,500 m), and strongly influence the regional hydrology. The steepest band of relief throughout the western Himalayas occurs at elevations of 2,100 AE 3,300 m (Bookhagen and Burbank 2006) . Remotely sensed data have revealed bands of high mean annual rainfall (>3 m=year) along the portions of the Himalayas within these steep bands of relief (Bookhagen and Burbank 2006) , though the impacts of the local and regional orography on extreme hydrologic events are still not well understood.
Data and Data Processing
Topographic Data
The authors acquired 30-m Advanced Spaceborne Thermal Infrared Sounding Radiometer (ASTER, Tachikawa et al. 2011) images and generated a digital elevation model of the study area in ArcGIS using a mosaic of the 1 × 1°data footprints. The topographic and Tropical Rainfall Measuring Mission (TRMM) data were both georeferenced to the World Geodetic System.
Precipitation Data
The authors analyzed parameters from TRMM, a program that was jointly developed by the National Aeronautics and Space Administration (NASA) and Japanese Aerospace Exploration Agency. Two algorithms, TRMM 3A12 and TRMM 3B42 (Huffman et al. 2007) , were used in this study. TRMM 3B42 data represent gridded measurements of cumulative daily precipitation at spatial resolutions of 0.25 × 0.25°, whereas the TRMM 3A12 rainfall products provide gridded measurements of the mean convective precipitation rate (mm=h), generated by an algorithm that incorporates radar reflectivity measurements in 0.5 × 0.5°pixels. TRMM pixels were discretized into mountain systems according to their mean underlying elevation, derived from the ASTER digital elevation model (Fig. 1) .
Ground observation networks are sparse in the Himalayas due to the rugged and remote terrain. The only ground-based precipitation observations within the study area were available at eight sites that range over 3,000 m in elevation ( Table 1 ). The locations of gauges in this study area, like other parts of the Himalayas (Archer and Fowler 2004; Lang and Barros 2002) , are biased toward valley locations, but are located throughout all three mountain systems. Available ground-based precipitation data generally cover time scales greater than 30 years with occasional missing data ( Table 1) and were collected on a daily basis. 
Analysis Techniques
Extreme Value Derivation
The authors examined high-intensity precipitation (TRMM 3B42) and convective intensities (TRMM 3A12) across mountain systems in order to identify the potential influence of storm regime on remotely sensed measurement across mountain systems. Consistent with Bookhagen (2010) , the threshold of extreme precipitation and convection (F n ) was defined as the upper 90th percentile daily rainfall magnitude and hourly convective intensity extracted from 13 years of summer monsoonal data (1998-2010; May 1-October 1). The extreme value was estimated using an empirical cumulative distribution function for all TRMM pixels in the study area. The extreme precipitation threshold (F n ) for each TRMM pixel was calculated asF
where x i = data value; n = data sample size for each TRMM pixel (total number of days); and I = indicator function.
Comparison of Extreme Convective and Rainfall Intensities across the Regional Orography
The authors examined the relationships between extreme rainfall and convective rainfall intensities across the orography by comparing the parametric and nonparametric centralized moments across the three mountain systems. Nonparametric Welch ANOVA and Levene tests were used to identify any significant deviations from the mean and variance of extreme rainfall and convective intensities. Post hoc Games-Howell tests were computed to identify the specific mountain systems with significant differences of the mean extreme rainfall and convective rainfall intensity. Tukey's nonparametric plotting was used to visually compare the differences between mean extreme intensities across mountain systems.
Comparison of Remotely Sensed and Ground-Based Rainfall Observations
The available GBO network (Table 1 and Fig. 1 ) was compared with superimposed TRMM 3B42 pixels to identify significant differences in the distribution of extreme values of cumulative daily precipitation measurements between observation networks across mountain systems. Extreme rainfall intensities were calculated using 11 years of available daily data (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) using the methodology described in "Extreme Value Derivation." Each GBO station was referenced to the TRMM pixel overlying it and compared with the extremes recorded by their superimposed TRMM pixels for those same years (Fig. 2) . The authors compared differences in variance of extreme values within each measurement system across mountain systems, excluding the Inner Himalaya, which only had one GBO station. Namely, GBO stations and TRMM pixels were independently compared for homogeneity in variance across each mountain system using a Levene test. In addition, the authors compared the mean and variance of each individual GBO station with its superimposed TRMM pixel. The authors used two nonparameteric tests to compare the mean extreme intensity between observation networks. Kruskal-Wallis tests were conducted to compare the mean extreme intensity between GBO stations and superimposed TRMM pixels when variance between the two data sets was equal (McBean and Rovers 1998), while Welch ANOVA tests were applied to compare data sets with unequal variance (McDonald 2014) .
The authors also investigated the relationship between the topography and relief of the GBO station relative to its corresponding TRMM pixel and the possible effect on rainfall observation. To identify the locations of the GBO network relative to their superimposed TRMM pixel, histograms of the underlying topography of a TRMM pixel, using the ASTER digital elevation model, were plotted with the elevation of the GBO station referenced. In addition, the authors examined the precipitation observations of two GBO stations (LH-01 and LH-03) located within a single TRMM pixel (Fig. 2) during a TRMM measured extreme precipitation event on the 42nd day of the 1998 monsoon season. Furthermore, the authors calculated the topographic relief as the difference between the lowest and the highest elevations within a 1-km radius within the TRMM pixel described previously to observe how precipitation varies across the local orography.
Results and Discussion
Regional-Scale Variability of Rainfall and Convective Extremes
Consistent with previous work (Barros et al. 2004; Bookhagen 2010; Houze et al. 2007; Shrestha et al. 2012) , TRMM data illustrate that the highest-intensity monsoonal rainfall occurs along the orographic front and that the highest convective intensities occur within the orographic interior of the western Himalayas. Significantly larger mean and maximum cumulative daily precipitation across the Lower Himalayas were found relative to the Inner and Greater Himalayas [ Figs. 3 and 4(a) ]. Maximum rainfall intensity was 291 mm=day across the Lower Himalayas, 191 mm=day across the Inner Himalayas, and 108 mm=day across the Greater Himalayas (Fig. 3) . In addition, the variances of extreme cumulative daily rainfall values decreased with increasing elevation. Variance across the Lower Himalayas was 76% higher than the variance of the Inner Himalayas and 476% higher than the Greater Himalayas. Finally, extreme convective intensities, measured by TRMM 3A12, were significantly higher across the Inner Himalayas than both the Lower and Greater Himalayas, which were not significantly different. Thus, TRMM data reliably reproduced precipitation patterns that occur across mountain systems, as observed by others, with the Lower Himalayas representing areas of highest and most variable extreme daily precipitation [ Fig. 4(a) ] and the Inner Himalayas experiencing the highest convective precipitation intensities [ Fig. 4(b) ]. Note: The relative locations and temporal coverage of the available precipitation data are within the study area.
Biases of TRMM and GBO across Mountain Regions
The mean and variance of extreme precipitation values measured by TRMM and GBOs were different and reveal biases of the observation system in measuring extreme rainfall. First, GBO stations produced significantly different extreme rainfall variances between stations within each tested mountain system, while TRMM pixels produced similar extreme value variances within each mountain system (Table 2) . Thus, relative to GBOs, TRMM observations failed to measure the local distribution of extreme rainfall intensities. Furthermore, the variance of extreme cumulative rainfall for individual GBOs was generally higher than the variance of TRMM measurements, except for the two highest-elevation GBO stations (Table 3 ). This result indicates that TRMM data will generally underestimate the variability of peak precipitation, and should be anticipated to produce lower peaks in modeled flood flows (Harris et al. 2007 ).
In addition, as elevation increases, TRMM observations shifted from underestimating mean extreme rainfall, relative to GBOs, at the lowest elevation sites to overestimating at the higher elevation sites (Table 3 ). The three lowest-elevation GBOs (LH-01, LH-02, and LH-03), consistently measured higher mean extreme precipitation intensities than the superimposed TRMM extremes (Table 3 and Fig. 5 ). In contrast, TRMM estimates of extreme precipitation superimposing the five highest-elevation GBO stations measured higher extreme precipitation intensities than the GBOs. This new result has implications for the application of TRMM data in hydrologic modeling. A common approach (e.g., Singh and Jain 2003) in hydrologic modeling in high altitude basins is to discretize hydrologic observations (e.g., precipitation and temperature) into elevation zones in order to represent the differences in rainfall intensity associated with increasing elevation. However, the use of gridded TRMM observations for this approach would generally produce lower peak precipitation intensities for low elevations and higher peak precipitation intensities for higher elevations, resulting in lower peak flood values. However, the GBO network may not provide the most realistic spatially averaged precipitation value across elevation zones.
Subgrid Heterogeneity of Remotely Sensed Precipitation Observations
Examining the daily deviation between GBO and TRMM measurements at the start of the monsoon season (Fig. 5) illustrates how the locations of the GBO stations, generally in more accessible river valleys rather than ridges, impact the spatial and temporal biases between GBOs and TRMM measurements. Both GBO stations (LH-01 and LH-03) discussed subsequently are located within 1 km of the main stream channel, but LH-03 is 13 km upstream of, and approximately ∼150 m higher in elevation than, LH-01. In addition, LH-03 is surrounded by much steeper ridge relief (Fig. 6) .
On the 42nd day of the 1998 summer monsoon (Fig. 5) , TRMM measures its first extreme precipitation event of the season at 63 mm. LH-01 measures 87 mm, while LH-03 measures no precipitation. On the 2 days following the extreme event, TRMM measures 8 mm and no precipitation, respectively, while LH-01 measures 92 and 1 mm, and LH-03 measures 90 and 90 mm, respectively. For this event, TRMM recorded 1 day of extreme rainfall earlier and at a lower value than the two GBOs, whereas the higher-elevation GBO site was last in recording precipitation. This pattern occurred throughout the monsoon seasons, with LH-01 generally recording extreme rainfall before LH-03, but after TRMM. In addition, the variance of extreme precipitation intensities is significantly higher at the higher elevation LH-03 compared with LH-01 (Table 3 ). These differences between TRMM and the two GBO stations highlight the biases associated with locating GBO stations in the lower portions of the elevation distribution of a TRMM pixel (Fig. 7) . The GBO stations in the Sutlej River basin were generally located within 1 km of the main channel and were surrounded by steeper relief as elevation increases.
Contrary to results generated from simple elevation-regression interpolation approaches (Daly et al. 2008) , the distribution of GBO stations can create biases, as demonstrated herein. These biases can impact regional bias correction of TRMM with GBOs unless the Note: N = homogeneous variance across the mountain system; Y = observation network yields heterogeneous variance. relationship between the local orography and prevailing storm regime is directly integrated into estimates of subgrid rainfall distribution. The biases were associated with the location of GBO stations, and underscored the variability of valley-ridge rainfall relationships that coincide with a shift from stratiform to convective storm regimes in the orographic interior. Throughout high mountain regions, most GBO stations are located in valleys due to greater accessibility, while TRMM indirectly measures rainfall over a . Underlying topography of TRMM 3B42 pixels; the histograms represent the underlying topography of the superimposing TRMM 3B42 pixel above each GBO station; the thick dashed black line represents the elevation of the GBO station larger topographic range. At lower elevations, extreme rainfall intensities measured by GBOs were higher than superimposed TRMM rainfall intensities, indicating that higher-intensity rainfall is more likely to occur in valleys than atop ridges. Field experiments across the southern Appalachian Mountains reveal enhanced valley-ridge rainfall due to seeder-feeder relationships, characterized by rainfall intensities less than 20 mm=h (Pratt and Barros 2010; Wilson and Barros 2014; Duan et al. 2015) . Contrarily, across the orographic interior, where convective rainfall is more prevalent, GBO stations measure lower-intensity extreme rainfall than their superimposed TRMM pixels, reflecting the importance of convective events along the steep valley ridges. Even the Global Precipitation Measuring (GPM) mission, launched in 2014 to replace the TRMM in part to advance predictions of high-impact floods (Hou et al. 2014) , may not provide high enough resolution, at ∼11 × 11 km, to resolve most of the spatial variability of rainfall that occurs across the Himalayan mountain systems during the summer monsoon. Thus, though the spatial resolution of gridded precipitation estimates is improving, these results suggest the utility of remotely sensed precipitation data pixels is limited without complementary information about the prevailing storm regime. Unifying hydrologic modeling with precipitation uncertainty estimates under a stochastic process-based framework could produce more realistic estimates of streamflow during flash floods (Montanari and Koutsoyiannis 2012) , particularly if the event-type biases that occur across elevations with remotely sensed data, identified herein, are included in the models. Future research should advance methods for integrating the relationships between storm type, topographic relief, and the spatial distribution of observations to increase reliability of flood forecasting. This research may include the utilization of raw sensor data aboard TRMM and GPM, the development of interpolation methods that incorporate prior information of historical or real-time storm type information, and extension of ground-based observation stations beyond the valley floor. The outcome will be advancements in both understanding of the physical processes and in the accuracy of flood forecasting in mountains.
Conclusion
Across the orographic barriers of the Himalayas, floods are often generated by high-intensity storms that are not always adequately captured by the sparse ground-based observation networks currently in place. Gridded space-borne systems are capable of regional-scale precipitation observation but are limited in their spatial and temporal resolution and have substantial limitations in areas of complex topography.
Results indicated that spatial and temporal deviations between ground-based and remotely sensed measurement systems are likely to be a function of the rainfall regime, underlying topography of a single TRMM pixel, and location of GBO stations in relation to topography. Second, deviations between extreme precipitation values measured by TRMM and GBO stations reversed with increasing altitudes, reflecting how rainfall regime and valley-ridge rainfall distributions vary with elevation and relief. Third, large subgrid differences in the variance, timing, and magnitude of the extreme rainfall distributions were identified within a single TRMM pixel, underscoring the complexities of bias correction of gridded rainfall measurements using GBO stations.
These results have important implications for merging of ground-based and remotely sensed precipitation products. Neglecting the influence of storm type on the output of areal estimated remotely sensed products could produce an erroneous spatial and temporal distribution of extreme rainfall intensities in mountainous terrain. Because rainfall is spatially variable at highly localized scales (<10 km 2 ), flood-producing storm events may not be adequately captured by gridded remotely sensed products. Further research is needed to integrate storm type, topographic relief, and the spatial distribution of observations into bias correction of gridded, remotely sensed precipitation data.
